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Introduction: If Mars has been assumed to be 
mostly basaltic for a long time, a series of recent dis-
coveries have challenged this simplistic view. Orbital 
data indicated feldspar-rich rocks in Noachian terrains, 
likely supporting ancient evolved magmatism [1]. The 
first indurated regolithic martian meteorite breccia 
NWA 7034, dated at 4.43 Gyr, contain several leuco-
cratic felsic clasts identified as monzonitic and trachy-
andesitic, containing feldspars including K-spars and 
Na-rich plagioclases, pyroxenes, ilmenites and apatites 
[2-3]. These clasts have been interpreted as the result 
of crystallization of a large impact pond [2]. The Mars 
Science Laboratory rover (Curiosity), travelling within 
sedimentary bedrock on the floor of the Gale impact 
crater, discovered feldspar cumulates and a trachy-
andesite suggesting fractional crystallization of a ba-
saltic melt [4-5]. In addition, in the Bradbury group of 
fluvio-deltaic rocks (observed during the 1st 750 sols), 
sedimentary rocks are mostly comprised of secondary 
phases and detrital igneous minerals like feldspar, and 
pyroxene that are thought to come from Noachian-aged 
magmatic sources [6], although no definite origin and 
igneous processes have been inferred. 
In-situ analyses cannot provide bulk igneous com-
positions as we typically measure on Earth. In this 
abstract, we instead focus on the composition of detri-
tal igneous minerals in sedimentary rocks in order to 
constrain ancient magmatic processes around Gale 
crater that contributed to sedimentary rocks found 
within the crater. We show that, even in terrains lack-
ing igneous rocks, as may be true for Mars 2020 land-
ing site except for the crater floor [7], we can constrain 
magmatic processes with detrital mineral chemistry. 
Methods: Onboard the Curiosity rover, an X-ray 
diffraction instrument (CheMin) enables the detection 
of minerals in drilled rocks and gives their composi-
tions [8]. An alpha-particle X-ray spectrometer 
(APXS) measures the composition of rock surfaces 
within a 1.6 cm diameter circle in contact with the 
instrument [9], and a laser induced breakdown spec-
trometer (LIBS) part of the ChemCam suite analyzes 
the elemental composition of rocks at a sub-millimeter 
scale (350-550 µm) at distances up to 7 m, potentially 
giving the composition of pure minerals larger than the 
beam size (>> 600 µm) [10].  
All three of these instruments provide constraints 
on mineral chemistry in the fluvio-lacustine rocks from 
the first 750 sols of MSL’s traverse (Fig. 1). Three 
relevant samples were analyzed by CheMin, and their 
feldspar and pyroxene mineral compositions are shown 
[8]. ~120 APXS analyses provided a basis for Monte 
Carlo modeling of sedimentary compositions to broad-
ly constrain igneous mineral chemistry [6]. Stoichio-
metric filtering on ~5000 ChemCam compositions has 
allowed filtering so that only pure feldspar and pyrox-
ene compositions have been retained (Fig. 1). 
 
Figure 1. Ternary diagrams of (a) feldspars and (b) py-
roxenes from CheMin (colored dots), ChemCam and APXS 
analysis. For reference, orange and blue patches are the 
composition of feldspars and pyroxenes from NWA 7034 
felsic and mafic clasts respectively. The red and blue lines 
are MELTS models showing the mineral composition of a 
melt produced by fractional crystallization at 1 kbar and 
FMQ +1 of a low- and high- degree partial melt (10% and 
23%) from a primitive mantle composition [11], respectively. 
Composition of Detrital Minerals: Based on re-
sults from three different instruments, feldspar and 
pyroxene compositions are well-constrained. First, 
CheMin analyses revealed the occurrence of K-spars 
identified as sanidine, and Na-rich plagioclases with an 
anorthite (An) component < 45. Monte Carlo modeling 
also favors Na-plagioclase with An < 45. LIBS meas-
urements evidenced a similar compositional range, 
with plagioclases of An < 55. In contrast to CheMin, 
no pure K-feldspars have been analyzed by ChemCam, 
indicating that they are too small to be individually hit 
by LIBS. Concerning pyroxenes, all instruments de-
tected pigeonites, along with augites (Fig. 1).  
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Chemical Weathering: The detrital minerals of in-
terest were transported by streams and deposited in the 
floor of Gale, where they cemented, forming the sedi-
mentary bedrock the Curiosity rover analyzed. Thus, 
the minerals could have been chemically weathered. 
APXS measurements indicate minimal open system 
cation loss;  the chemical index of alteration (CIA) 
based on Al, Ca, Na and K abundances in these rocks 
is low, and Monte Carlo modeling of bulk composi-
tions is consistent with sorting of primary igneous 
minerals without cation loss [6]. Since we focus on 
compositions of measured igneous minerals, the only 
type of chemical weathering we are concerned with is 
incongruent weathering of minerals, which would 
change cation ratios. The significant fraction of detrital 
igneous minerals, negligible open-system chemical 
weathering, and limited variability of observed mineral 
compositions is consistent with minimal incongruent 
dissolution; here we consider a shift of the maximum 
An component up to An60. 
Ancient Magmatic Processes: Using the thermo-
dynamical software package pMELTS and rhyolite-
MELTS, a series of tests were performed to match the 
compositions of the detrital igneous minerals. The best 
results are shown in Fig. 1. Partial melting of a primi-
tive mantle composition [11] during adiabatic decom-
pression from 2 GPa cannot reproduce the composi-
tional range of minerals. Fractional crystallization is 
needed to form feldspars, especially K-feldspars, and 
Ca-augites as inferred by experiments in [12]. Using 
models based on fractional crystallization at low pres-
sure of melts formed by distinct extent of partial melt-
ing (5-25%) of the primitive mantle composition as 
starting compositions (Fig. 2), we infer that the crystal-
lization of a single starting melt cannot reproduce the 
whole compositional range of the detrital minerals: a 
low degree melt would form exclusively alkali feld-
spars and Na-rich plagioclases along with Ca-
pyroxenes only, while a high degree melt would crys-
tallize plagioclases only (Fig. 1). We thus propose that 
the range of feldspars and pyroxenes we observe in the 
sedimentary bedrock from the Bradbury group, crystal-
lized from basaltic melts issued by at least two distinct 
degree of partial melting coming from a single source 
(Fig. 2). Alkali feldspars likely formed from a low 
degree melt (~10%) relatively richer in Ca, Na, and K 
(red dot Fig. 2), while plagioclase, augite, and pigeon-
ite formed from a higher extent of melt (23%) relative-
ly richer in Mg and Fe (blue dot Fig. 2). This is in 
agreement with the suggested occurrence of at least 
two magmatic sources at the origin of the Windjana 
sample analyzed by CheMin [13]. This process is very 
common on Earth during the formation of MORBs. 
 
 
Figure 2. Sketch of partial 
melting during adiabatic 
decompression. The red dot 
illustrates a low degree melt 
and the blue one shows a 




This scenario implies that alkali feldspars may have 
been formed before plagioclase and pigeonite. This is 
in agreement with the timing suggested for the early 
formation of K-spars bearing felsic igneous rocks from 
Gale in comparison with mafic mineral-bearing basalts 
[14]. 
Conclusion: With the chemical composition of de-
trital igneous minerals, we are able to decipher a part 
of the ancient magmatic history of Gale. Fractional 
crystallization at low pressure of two distinct extents of 
melt coming from partial melting of the same source 
can form the compositional range analyzed by three 
distinct instruments onboard the rover. Other scenarios 
can be envisioned, like the fractionation and crystalli-
zation of impact melts as inferred for igneous clasts 
from NWA 7034, which we have also modeled. In any 
case, a relatively alkali-rich melt and a more Mg-rich 
melt are needed to form the whole compositional range 
of igneous minerals analyzed in Gale crater. 
This study shows that constraining magmatic pro-
cesses from sedimentary bedrock is possible, which is 
especially of importance in the case where the igneous 
sources of sediments cannot be identified in situ and 
from orbit. This provides additional inputs to igneous 
rock studies [4,5,14]. This is encouraging for under-
standing the igneous processes at the Mars 2020 land-
ing site where most rocks are expected to be sedimen-
tary likely originating from other igneous materials 
than the volcanic crater floor [7].  
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